Introduction
============

White-light emitting organic materials have attracted increasing attention owing to their potential for application in lighting devices and display media.[@cit1]--[@cit7] The generation of white-light emission commonly requires the simultaneous emission of three primary RGB (red, green and blue) colors or at least two complementary colors. A variety of approaches have been adopted to develop efficient white-light emitting systems, including polymers,[@cit8]--[@cit10] metal--organic frameworks,[@cit11]--[@cit14] quantum dots,[@cit15],[@cit16] nanoparticles,[@cit17]--[@cit19] self-assemblies,[@cit20]--[@cit24] and small molecules.[@cit25]--[@cit28] So far, most organic white-light emitters reported in the literature rely on (1) a combination of several components that emit different colors of light to cover the visible spectrum (400 to 700 nm) or (2) a single organic molecule emitting white-light. In comparison with multicomponent emitters, white-light emission from a single molecule offers advantages over the former including improved stability, excellent reproducibility, and a simplified fabrication process. Nevertheless, few examples of white-light emission from single molecule systems have been reported, since fluorophores tended to attain the lowest vibrational states resulting in monochromatic emission according to Kasha\'s rule.[@cit29],[@cit30] Simple grafting of fluorophores in a single molecular backbone often causes an intramolecular Förster resonance energy transfer (FRET) process along with the enhancement of long-wavelength emission from fluorescent acceptors. Therefore, the exploration of molecules that are able to emit pure white-light is of great significance, though it remains a big challenge to scientists and researchers in the field.

Several single molecule systems have been reported to display dual emissions based on various principles such as excited-state intramolecular proton transfer (ESIPT),[@cit31]--[@cit33] twisted intramolecular charge transfer (TICT),[@cit34],[@cit35] tautomerization,[@cit36]--[@cit39] self-assembly[@cit40],[@cit41] and other mechanisms.[@cit42],[@cit43] Strongin reported anovel benzo\[*a*\]xanthene, seminaphtho\[*a*\]fluorine, which possessed the ability to display multicolor emission including the white-light one by adjusting the solution pH to generate different emissive tautomers.[@cit36] Additionally, ESPIT molecules possess a stable enol form in the ground state but are easily converted to the keto form in the excited state through intramolecular proton transfer resulting in a larger Stokes shift in the emission spectrum. Based on the ESIPT concept, Park presented the example of a white-light emitting molecular dyad composed of blue and orange light emitters between which the energy transfer was frustrated.[@cit33] The self-assembly behaviors of π-conjugated chromophores usually wield the high directional nature of noncovalent interactions to build precisely hierarchical structures with different luminescence characteristics. Ghosh demonstrated white-light emission from the single component naphthalene diimide chromophore with J-aggregation mediated by hydrogen bonding.[@cit40]

Since most reported cases of white-light emission at the molecular scale principally concentrated on organic solvents, we herein designed and synthesized a series of new bi-functional organic molecules (NP2C, NP4C and NP6C; [Fig. 1](#fig1){ref-type="fig"}) with symmetric D--A--D structures to achieve white-light emission in aqueous solution. These compounds comprised a central PN unit connected with two coumarin moieties in common but linked by flexible alkyl chains of different lengths. Among them, NP4C and NP6C could induce dual emission in water, which could emit white-light with a CIE coordinate of (0.30, 0.33). The reference compounds NPM, PC and NPMC were prepared as detailed in the ESI.[†](#fn1){ref-type="fn"} To the best of our knowledge, the design of single organic molecules emitting white-light in aqueous solution based on the self-folded pattern has been rarely reported to date.

![(a) Molecular structures of white-light emitting organic molecules (NP4C and NP6C) and the reference compounds (NP2C, NPM, NPMC and PC); (b) the schematic cartoon illustration of single-molecule white-light emitters.](c8sc01915k-f1){#fig1}

Results and discussion
======================

To better explore this phenomenon, the absorption properties of all compounds were investigated. The UV-Vis spectrum of NP4C ([Fig. 2a](#fig2){ref-type="fig"}) in aqueous solution displayed two significant absorption bands centered approximately at 280 and 330 nm with one shoulder at 388 nm, attributed to the chromophores contained in NP4C compared with NPM and PC. Moreover, a remarkable bathochromic shift was observed for NP4C, especially for the peak at around 388 nm, which implied the possibility of a CT process. To further confirm this finding, DFT calculations were performed to calculate the frontier molecular orbitals of NPM and NP4C. The highest occupied molecular orbital (HOMO) of NP4C was primarily located in the coumarin groups, while the lowest-unoccupied molecular orbital (LUMO) was distributed on the PN unit in favor of the charge-transfer process. Nevertheless, the occupied and virtual orbitals of NPM completely differed from those of NP4C and were concentrated mostly on the PN core ([Fig. 2e](#fig2){ref-type="fig"}), lacking in the condition inducing the CT process. These results further indicated that white-light emission was developed in the D--A--D type.

![(a) Absorption spectra and (b) PL emission spectra of aqueous NP2C, NP4C, NP6C, PC, NPM and NPMC solutions; (c) PL excitation spectra for dual emission of NP4C, respectively, monitored at 455 and 550 nm. (d) PL emission spectra of NP4C measured at various excitation wavelengths. (e) Calculated frontier molecular orbitals of NP4C and NPM. \[NP2C\] = \[NP4C\] = \[NP6C\] = \[NPM\] = \[PC\] = \[NPMC\] = 25 μM.](c8sc01915k-f2){#fig2}

With the aim of distinguishing the occurrence of the CT character in the molecule itself or in adjacent molecules, a series of tests were implemented. Electrical conductivity measurements at various concentrations (from 1 μM to 1 mM; Fig. S3[†](#fn1){ref-type="fn"}) were conducted to confirm that NP4C dispersed in aqueous solution without any kind of aggregates. The concentration-dependent fluorescence (Fig. S4[†](#fn1){ref-type="fn"}) and UV-Vis absorption spectra (Fig. S5[†](#fn1){ref-type="fn"}) of NP4C itself were also measured. The shape and position of emission bands in the fluorescence spectra remained almost unchanged in spite of its concentrations ranging from 1 μM to 1 mM. Fig. S4[†](#fn1){ref-type="fn"} shows that the character of dual emission was observed in an extremely dilute solution, which indicated that the luminescence properties originated from the molecule itself rather than from intermolecular interactions. The absorption spectra showed no obvious red shift when the concentration of NP4C was increased. The absorption intensity at 328 nm rose linearly with the increased concentration, which neatly fitted the Beer--Lambert law and manifested no obvious interactions between the solute molecules (Fig. S5[†](#fn1){ref-type="fn"}). Hence, we may conclude that this interesting optical property originated from the NP4C itself rather than from any aggregates between molecules, which verifies that the white-light emitters belonged to a single molecule system.

TD-DFT calculations were also performed to investigate the excited state properties of NP4C ([Table 1](#tab1){ref-type="table"}). The results showed that the S~1~ state of NP4C was calculated at 2.08 eV. However, radiative transition was forbidden (*f* = 0), which was against the fluorescence emission signal as shown in [Fig. 2](#fig2){ref-type="fig"}. It was assumed that the flexible alkyl chain was beneficial to the rotation and motion of the coumarin groups at ends, which might lead to stacking with the PN core due to hydrophobic effects, π--π stacking and donor--acceptor interactions. The ROESY spectrum of NP4C showed weak but clearly visible cross peaks between the protons (H~a~, H~b~, H~c~ and H~e~) of the coumarin unit and protons (H~j~ and H~k~) of the pyridium group, which indicated the adjacency of these two fractions in spatial distance ([Fig. 3](#fig3){ref-type="fig"}). To further verify this finding, another two compounds (NP2C and NP6C) containing different lengths of alkyl chains were synthesized, and their fluorescence spectra were measured at various excitation wavelengths (Fig. S6[†](#fn1){ref-type="fn"}). [Fig. 2b](#fig2){ref-type="fig"} and S7[†](#fn1){ref-type="fn"} show that they all possessed a blue light band in common but only NP4C and NP6C could simultaneously generate CT emission, which was attributed to the steric hindrance from the short chain that restricted the self-folding behavior. Meanwhile, similar but weaker ROE signals implying folding conformation were only observed in NP6C by analysing the ROESY spectra of NP2C and NP6C (Fig. S7 and S8[†](#fn1){ref-type="fn"}). Moreover, the fact that NP4C tended to lie at the self-folded state has been further confirmed by the theoretical calculations by comparing with the Gibbs free energy of the stretched state in water ([Fig. 4b](#fig4){ref-type="fig"}).

###### Calculated excitation energies, oscillator strengths, and molecular orbital (MO) compositions for the low-lying excited states of NP4C, folded NP4C, NPM and NPMC

  Compound      State   Excitation energy (eV)   Oscillator strength   MO composition
  ------------- ------- ------------------------ --------------------- ----------------
  NP4C          S~1~    2.08                     0.0000                H → L (94.7%)
  S~2~          2.09    0.0000                   H-1 → L (93.9%)       
  S~3~          3.56    0.5205                   H-2 → L (94.0%)       
  Folded NP4C   S~1~    3.22                     0.0451                H → L (85.4%)
  S~2~          3.29    0.0494                   H-1 → L (75.7%)       
  S~3~          3.42    0.3477                   H-2 → L (72.3%)       
  NPM           S~1~    3.53                     0.3860                H → L (94.1%)
  NPMC          S~1~    3.34                     0.0080                H → L (76.0%)
  S~2~          3.42    0.2781                   H-1 → L (85.5%)       

![2D ROESY spectrum of NP4C in D~2~O with water suppression. \[NP4C\] = 1.0 mM, 25 °C.](c8sc01915k-f3){#fig3}

![(a) Optimized structures of NP4C and NPM calculated at the B3LYP/6-311+G(d,p) level; (b) Gibbs free energy difference (Δ*G*~S--F~) between NP4C and folded NP4C in the different mediums (Δ*G*~S--F~ = *G*(NP4C) -- *G*(folded NP4C)); (c) theoretical calculations for PL mechanistic investigation.](c8sc01915k-f4){#fig4}

Next, the photoluminescence (PL) spectra of NP4C were measured at different excitation wavelengths. As shown in [Fig. 2d](#fig2){ref-type="fig"}, NP4C displayed apparent dual emissions in water at 455 nm and 550 nm, respectively, close to white emission with a CIE coordinate of (0.30, 0.33). In contrast with PC, the emission from the coumarin group in NP4C disappeared due to the FRET or self-absorption quenching effect, which is reflected in the overlap between the emission spectrum of PC and the excitation and UV-Vis spectra of NP4C ([Fig. 2a and b](#fig2){ref-type="fig"}). It was obvious that the blue band came from the PN unit referred to the observed optical properties of NPM and NPMC ([Fig. 2b](#fig2){ref-type="fig"} and S9[†](#fn1){ref-type="fn"}). Given the different maximum excitation wavelengths, it could be safely inferred that yellow-green light emission couldn\'t be induced from a coumarin monomer of its excimer.[@cit44] High temperature intensified the intramolecular motions and further accelerated the transformation between the self-folded and stretched states of NP4C. Additionally, the temperature-dependent fluorescence spectra revealed that yellow-green emission decreased remarkably with the increment of external temperature ([Fig. 5a](#fig5){ref-type="fig"}). Besides, the UV-Vis spectra of the NP4C aqueous solution at different temperatures also suggested that the existence of the reversible blue shift was attributed to the weakened ICT process at high temperature (Fig. S10[†](#fn1){ref-type="fn"}). On the basis of the experimental results above, we assumed that yellow-green luminescence belonged to CT emission. TD-DFT calculations also afforded helpful conclusions to illustrate the emission mechanism ([Fig. 4c](#fig4){ref-type="fig"}). NPM and NP4C possess the analogical locally excited (LE) state through the electron transitions HOMO--2 → LUMO and HOMO → LUMO, respectively, attributed to the excitation and emission transition of the blue-light band. For NP4C, its two approximate transitions with lower excitation energy reflected yellow-green emission in the corresponding PL spectra. The electrons traveled a long distance from the arms of NP4C to its PN core in these two transitions, in accordance with a typical ICT process.

![(a) PL emission spectra of NP4C aqueous solution measured at different temperatures ranging from 4 to 80 °C; (b) PL emission spectra of NP4C aqueous solution at different volume fractions of H~2~O (*f*~w~, from 0 to 100%) and MeOH, the intensity of the blue light band was unified to the same level; (c) PL emission spectra of NP4C aqueous solution when added with different amounts of the β-CD host molecules (from 0 to 20 eq.). The yellow/blue (Y/B) emission intensity ratio as a function of (d) temperature, (e) water fraction *f*~w~ and (f) the amount of β-CD. All the measurements were taken using aqueous NP4C solutions with a unified concentration (\[NP4C\] = 25 μM) and excited at 400 nm.](c8sc01915k-f5){#fig5}

Color-tunable emission could be conveniently achieved through regulating the ICT efficiency of NP4C. One of the methods available was using the methanol (MeOH)/water (H~2~O) mixed solvent since MeOH was a desirable solvent for solvating extended π systems. [Fig. 5b](#fig5){ref-type="fig"} shows the normalized fluorescence spectra of NP4C in the MeOH--H~2~O solution of different water ratios (*f*~w~). However, the CT emission of NP4C declined with the reduction of water, and NP4C only emitted mono emission when *f*~w~ = 40%, due to the elimination of self-folded conformation. Since the distance between the donors and acceptors enlarged in the high MeOH fraction, the ICT process could be overtly impaired and restricted as the molecules preferably resided on the stretched state. This hypothesis could also be testified by the theoretical calculations. As shown in [Fig. 4b](#fig4){ref-type="fig"}, NP4C in MeOH is more likely to stretch itself out to maintain at the lower free energy (Δ*G*~S--F~ = --0.01 eV) compared to water medium (Δ*G*~S--F~ = --0.62 eV).

β-Cyclodextrin (β-CD) consisting of seven glucopyranose units has been widely used in supramolecular chemistry because its hydrophobic cavity could selectively accommodate the guest molecules in water. The cavity of β-CD is big enough to encapsulate the coumarin unit in a 1 : 1 binding stoichiometry.[@cit45]--[@cit48] When β-CD captured the coumarin groups of NP4C, the CT process could be efficiently disturbed due to the isolation between the donor and acceptor. As presented in Fig. S11,[†](#fn1){ref-type="fn"} the protons of aromatic rings underwent downfield shifts after the addition of β-CD. The π--π stacking between the coumarin group and the PN unit could induce the upfield movement of their chemical shifts. The host--guest inclusion from β-CD impeded the π--π stacking from the self-folding behavior, and then the protons shifted downfield, although the shielding effect of β-CD on the included coumarin group could generate upfield shifts of its corresponding protons. Besides, the 2D ROESY NMR spectrum of the complex NP4C\@β-CD (Fig. S12[†](#fn1){ref-type="fn"}) in D~2~O clearly showed the visible ROE signals between the coumarin protons and β-CD, which indicated the formation of inclusions. [Fig. 5c](#fig5){ref-type="fig"} shows the proportion of the blue light band which rose dramatically as the relative amount of β-CD increased from 0 to 20 equivalent of NP4C because of the host--guest interaction.

As a control experiment, the reference compound NPM was also titrated with β-CD but no similar experimental phenomena emerged compared with its PL emission (Fig. S13[†](#fn1){ref-type="fn"}) and ^1^H NMR (Fig. S14[†](#fn1){ref-type="fn"}) spectra. Furthermore, the almost unaltered absorption spectra of the NP4C aqueous solution added with β-CD demonstrated no correlations between the PN unit and β-CD (Fig. S15[†](#fn1){ref-type="fn"}). The analogous compounds NP2C and NP6C also exhibited the abilities to occupy the cavity of β-CD with their hydrophobic coumarin units by analyzing their corresponding ROESY spectra (Fig. S16 and S17[†](#fn1){ref-type="fn"}). Therefore, it could be reasonable to deduce that the hydrophobic cavity of β-CD was inclined to incorporate the coumarin group rather than the charged PN core of NP4C.

Based on the aforementioned attributes, colorful luminescence ranging from blue-purple to yellow-green could be readily switched ([Fig. 6b](#fig6){ref-type="fig"}). A number of PL spectra were obtained, and certain corresponding luminescent color coordinates were calculated and plotted in the CIE 1931 chromaticity diagram ([Fig. 6a](#fig6){ref-type="fig"}). Interestingly, white-light emission (0.30, 0.33) could be achieved by multiple modes including the excitation wavelength, temperature, solvent polarity and host molecules.

![(a) Several luminescent color coordinates for NP4C plotted in the CIE 1931 chromaticity diagram corresponding to the PL emission for multifarious control strategies. (b) Several fluorescence photographs of NP4C solutions in combination with multiple conditions including temperature, solvent polarity and β-CD, \[NP4C\] = 25 μM.](c8sc01915k-f6){#fig6}

A white-light emitting (WLE) hydrogel was prepared through the dispersion of NP4C in an agarose gelator. When NP4C was embedded into the hydrogel, a blue-shifted phenomenon occurred to the CT emission of NP4C. Meanwhile, the PL intensity corresponding to the CT emission decreased ([Fig. 7](#fig7){ref-type="fig"}). It could be explained that the polyhydroxy structures of agarose might contribute to the hydrogen bonding between its own hydroxyl groups and the coumarin groups of NP4C, which hindered the folding behavior to some extent. Even so, the resultant hydrogel still showed broad dual emissions through the white region upon the variation of excitation wavelength. As expected, it engendered nearly white-light with color coordinates of (0.29, 0.35) when excited at 410 nm (Fig. S18[†](#fn1){ref-type="fn"}) and was considered as a perfect candidate for organic white-light emitting materials.

![PL emission spectra of the WLE hydrogel (∼2 wt%) and its adopted NP4C aqueous solution excited at 400 nm, \[NP4C\] = 0.1 mM, and 25 °C. Inset: photographs of the WLE hydrogel in daylight and 365 nm UV light, respectively.](c8sc01915k-f7){#fig7}

Conclusions
===========

In summary, we have successfully developed white-light-emitting systems in water at the single-molecule scale utilizing a new class of organic molecules with natural self-folded conformation. Our results demonstrated that this particular folding behavior could enhance the ICT efficiency and lead to pure white-light emission. Multicolor photoluminescence including the white-light one could be finely tuned in various ways: (1) by regulating the distance between the donor and acceptor groups by increasing the methanol fraction in the solvent; (2) by using high temperature to expedite the speed of structural transition from the self-folded state to the stretched state; and (3) by hindering the donor units from the acceptor core by the host--guest interaction. A WLE hydrogel was also facilely prepared through the dispersion of NP4C in a commercial agarose gelator. This innovative design of single-molecule compounds with white-light emission in aqueous solution is pioneering in the field, paving the pathway for future chemical engineering of white-light-emitting systems in the aqueous phase.
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